We investigated a proposed synergistic effect of deoxynivalenol (DON) and lipopolysaccharides (LPS) on small intestinal architecture and epithelial barrier integrity in pigs. Crypt depth and intestinal cell proliferation were analyzed, as well as expression of zonula occludens protein-1 (ZO-1) and β-catenin of the apical junction complex along the small intestine. Barrows (26.2 ± 4.1 kg) were fed restrictedly either a control diet (CON) or a diet naturally contaminated with 3.1 mg DON/kg feed (DON) for 37 d. At d 37, the control group was infused for 1 h either with 100 μg/kg BW of DON (CON-DON, n = 6), 7.5 μg/kg BW of LPS (CON-LPS, n = 6), a combination of both (CON-DON+LPS, n = 7), or 0.9% NaCl (CON-CON, n = 6) and the DON group with 7.5 μg/kg BW of LPS (DON-LPS, n = 8) or 0.9% NaCl (DON-CON, n = 6). Pigs were euthanized 3.25 h after start of infusion. Immunohistochemistry (5'-bromo-2'-deoxyuridine for proliferation) and immunofl uorescence (ZO-1 and β-catenin) from duodenum, proximal jejunum, mid-jejunum, proximal ileum, and terminal ileum were analyzed for crypt depth, cell proliferation, and apical junction proteins. Duodenal crypts were deeper compared with the other 4 intestinal regions, and proximal jejunal crypts were deeper than those of mid-jejunum and proximal ileum (P < 0.001). Epithelial proliferation showed a bellshaped distribution along the small intestinal axis. Duodenal proliferating cells had the least number compared with jejunal sections and proximal ileum (P < 0.001). Neither DON nor LPS affected these variables. Zonula occludens-1 displayed a distinct spatial distribution in the epithelium with an apical and a cytosolic component. Apical expression of ZO-1 was severely damaged in the mid-jejunum (P < 0.001) of CON − DON compared with animals treated with LPS. Also, in all animals receiving LPS systemically, the cytosolic ZO-1 fraction in the 3 upper gut sections disappeared completely. This effect was independent of DON presence. Control pigs had a greater basolateral β-catenin accumulation (P < 0.05) in the cells, whereas the protein distribution did not differ in CON − DON pigs. In conclusion, results of this experiment demonstrated that epithelial proliferation has a distinct pattern along the small intestine and is not necessarily positively linked to crypt depth in pigs. Furthermore, results indicate that LPS changed the spatial distribution of ZO-1. A synergistic effect of DON and LPS on intestinal architecture could not be verifi ed in the present study.
INTRODUCTION
The mycotoxin deoxynivalenol (DON) is a secondary metabolite mainly produced by the plant pathogens Fusarium graminearum and F. culmorum. Deoxynivalenol is the most prevalent mycotoxin in Eu-ropean grains, especially in wheat, barley, and maize, and is only marginally degraded by feed processing (Sugita-Konishi et al., 2006) . In farm animals, especially swine as the most susceptible species, acute exposure to larger DON doses induces feed refusal and vomiting, whereas smaller doses lead to a decrease in feed intake. Chronic exposure results in altered immune function, inappetence, decreased BW gain, and, thus, economic loss for the farmer (EFSA, 2004; Pestka, 2007; Döll and Dänicke, 2011) . Lipopolysaccharides (LPS), part of the membrane of gram-negative bacteria, act as endotoxins and can amplify trichothecene toxicity in mice (Zhou et al., 1999) . Lipopolysaccharides originate either from environmental or intestinal bacteria, and, thus, are presumed to be always present in the porcine gastrointestinal tract. The intestinal lining represents the fi rst barrier to DON and LPS. Between adjacent enterocytes, the apical junction complex (AJC), consisting of tight (TJ) and adherent junctions (AJ), establishes a polarized epithelium regulating the uptake of nutrients and other antigens such as microbes and toxins. In vitro experiments using cultured polarized intestinal porcine epithelial cell lines showed the detrimental effect of DON on paracellular permeability and cell proliferation (Diesing et al., 2011) .
The aim of this experiment was to investigate the hypothesized interactive effects between DON and LPS on small intestinal architecture and epithelial barrier integrity. Therefore, crypt depth and intestinal cell proliferation were analyzed as well as protein expression of zonula occludens-1 (ZO-1) and β-catenin of the apical junction complex along the porcine small intestine.
MATERIAL AND METHODS
Procedures were performed according to the European Community regulations concerning the protection of experimental animals and the guidelines of the Regional Council of Brunswick, Lower Saxony, Germany (fi le number 33.14-42502-04-037/08).
Animal Experiment
In this study, 39 crossbred barrows (German Landrace × Piétrain) were used with a BW of 26.2 ± 4.1 kg at the start of experiment. The experimental schedule and the composition of the experimental diets are presented in Fig.1 and Table 1 . Experimental diets were formulated to meet or exceed nutritional requirements of growing pigs according to the recommendations (GfE, 2006) . Briefl y, group-housed animals were fed twice daily 500 g of either a control diet or a diet naturally contaminated with 3.1 mg DON/kg feed for the entire trial. After adaptation to individual housing in metabolism cages, animals were fi tted with 2 permanent catheters in each external jugular vein (Goyarts et al., 2006a) . One catheter was used for infusion of substances and the other for collecting blood samples. After 2 d of recovery, animals were infused (second phase, acute exposure) for 1 h either with 100 μg/kg BW of DON (D0156; Sigma-Aldrich, Munich, Germany; DON), 7.5 μg/kg BW of LPS (Escherichia coli O111:B4, Product number L2630, Sigma-Aldrich; LPS), a combination of both substances (DON+LPS), or physiological saline (CON), and euthanized after another 2.25 h. To study DNA-synthesis in the gut, 5'-bromo-2'-deoxyuridine (BrdU; 10 mg/kg BW, Sigma-Aldrich) was infused 1 h before sacrifi ce in all animals. Thus, the study consisted of 6 experimental groups: CON-CON (n = 6), CON-DON (n = 6), CON-LPS (n = 6), CON-DON+LPS (n = 7), DON-CON (n = 6), and DON-LPS (n = 8), where the fi rst abbreviation refers to the dietary treatment and the second one to the infusion.
Tissue Sampling
Immediately after slaughter, the entire intestinal tract was dissected from the abdominal cavity and small and large intestine were separated from each other. Tissue samples (i.e., intestinal wall) were taken from 5 different sites along the proximo-distal axis: duodenum 5 cm distal of pylorus, proximal jejunum 10 to 20 cm distal of fl exura duodenojejunales, mid-jejunum at 50% between proximal jejunum and proximal ileum, proximal ileum 5 to 10 cm distal from start of plica ileocaecalis, and terminal ileum 5 cm proximal from ileo-caecal junction. Tissue samples were snap-frozen in liquid nitrogen and stored at −80°C until analysis. 
Tissue Processing
Tissue samples were cut on a Leica CM3050S (Leica Mikrosysteme, Wetzlar, Germany) cryotom with a thickness of 5 μm. Each fi fth section was mounted on a glass slide for immunofl uorescence (3 sections/sample) and immunohistochemistry (10 sections/sample).
Immunohistochemistry. Mounted tissue sections were fi xed in methanol-acetone and blocked with 5% porcine serum. The staining protocol was adapted from Rothkötter et al. (1995) . Briefl y, DNA denaturation was performed with a solution of 190 mL formamide and 10 mL NaOH (1 mol/L) at 70°C for 8 min under constant agitation. After a washing step, slides were again incubated for 15 min with 190 mL formamide and 10 mL sodium citrate (0.15 M). Subsequently, sections were incubated with the primary antibody anti-BrdU (clone 3D4, mouse IgG 1 κ, 1:100; BD Pharmingen, San Diego, CA) for 30 min. After washing a biotinylated secondary antibody (goat anti-mouse IgG 1 biotin, 1:50; Southern Biotech, Eching, Germany) was applied for 30 min, followed by binding with ABC-reagent (Vectastain Elite ABC Kit; Vector Laboratories, Burlingame, CA) for another 60 min. Diaminobenzidin was added for detection of BrdU positive cells and sections were counter-stained with hematoxylin.
Immunofl uorescence. Mounted tissue sections were fi xed in methanol-acetone, permeabilized with 0.3% Triton (Triton X100; Sigma-Aldrich) and blocked with 10% serum (donkey or goat). Primary antibodies ZO-1 (1:100, rabbit IgG, polyclonal; Invitrogen, Darmstadt, Germany) and β-catenin (1:1500, mouse IgG 1 , monoclonal; Abcam, Darmstadt, Germany) were coupled with secondary antibodies donkey anti-rabbit IgG Alexa 488 and goat antimouse IgG 1 TexasRed, respectively. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, 1:10; Partec, Münster, Germany). Sections were embedded in mounting medium (Mowiol; Calbiochem, Schwalbach, Germany).
Tissue Analysis
Crypt Depth and Cell Proliferation. Microscopy and photographs were performed on a Zeiss Axioplan equipped with a color camera (Diagnostic Instruments Inc., Sterling Heights, MI) and analyzed (Axiovision; Carl Zeiss, Oberkochen, Germany). Crypt depth and proliferating cells were analyzed on identical sections. Crypt depth was defi ned as the distance measured from villus base to lamina muscularis mucosae and measured in all sections per sample. Cell proliferation was determined by counting BrdU positive cells in the crypt epithelium in 10 defi ned regions of interest per section (3 sections/sample) using ImageJ (NIH, Bethesda, MD). The BrdU counts were normalized to their respective area (cells/10,000 μm 2 ).
Apical Junction Proteins (ZO-1, β-Catenin). Microscopy and photographs (12-bit camera) were performed (Zeiss AxioImager.Z2 equipped with an AxioCam MRm camera; Carl Zeiss) and analyzed (Axiovision; Carl Zeiss). Expression of ZO-1 at the apical domain, as indicator for ZO-1 bound in the TJ complex, was analyzed along the entire villus and for this purpose the villus was divided in 5 regions (Fig. 2) . Each region was scored as follows: score 1 = ZO-1 expression completely present; score 2 = ZO-1 expression partially present; and score 3 = ZO-1 expression completely absent. Two villi per section and 3 sections per sample were analyzed in this manner and subsequently statistically processed.
Expression of β-catenin was analyzed using ImageJ on 8-bit grayscale micrographs (NIH): individual enterocytes of mid-jejunum (CON-CON and CON-DON) were selected based on clear visibility of the entire cell from apical to basolateral side and with no overlap between adjacent cells. Fluorescence intensity of nuclei (DAPI) and β-catenin (TexasRed) was measured along a line of interest (LOI), crossing the cytoplasm as well as the nucleus from apical to basolateral side. Resulting intensities of both fl uorescences were plotted as an XY-graph (Fig. 3) . The DAPI staining curve was used to identify the nucleic area and TexasRed staining curve to identify spatial distribution of β-catenin in the entero- cyte. Based on this, apical and basolateral cytoplasmatic β-catenin fl uorescence was related to the β-catenin staining above the nucleic area (ratio). Obtained ratios of fl uorescence intensity were analyzed statistically.
Statistical Analysis
Crypt Depth, BrdU, ZO-1. Data were analyzed by 2-way ANOVA with treatment and tissue as factors and P-values were calculated by an adjusted Tukey-Kramer post hoc test (SAS Inst. Inc., Cary, NC). Individual animal data comprised 10 repeated measures of crypt depth and 3 repeated measures of BrdU. Scores of ZO-1 were compared using a non-parametric Kruskal-Wallis test and a Dunn's post hoc test (Version 3.00; GraphPad Software, San Diego, CA). Individual ZO-1 scores consisted of 30 repeated measures per animal. Data for all measurements are presented as means ± SEM, differences between groups were considered signifi cant at P < 0.05. β-catenin. Data were subjected to the Mann-Whitney test (Version 3.00; GraphPad Software). Values for the mid-jejunum were calculated between experimental groups CON-CON and CON-DON, each group containing 6 animals, and between ratios (apical vs. basolateral ratio) in each experimental group. Data for β-catenin comprised 27 repeated measures per individual animal. Data are presented as means ± SEM, and differences between groups, gut sections, or ratios are considered signifi cant at P < 0.05.
RESULTS

Crypt Depth
Crypt depth was measured at 5 small intestinal sites, duodenum, proximal and mid-jejunum, and proximal and terminal ileum, but no changes were observed due to treatment in each intestinal section (Table 2) . Furthermore, the crypt depth distribution along the proximodistal axis was analyzed for overall and each experimental group. Overall, duodenal crypts were deeper (P < 0.001) than the crypts of the 4 other intestinal regions. Additionally, crypts in the proximal jejunum were deeper than those in the mid-jejunum (P < 0.05) and proximal ileum (P < 0.01), but not in the terminal ileum.
Epithelial Cell Proliferation
Synthesis of DNA, and, thus, cell proliferation, was estimated by BrdU incorporation in the intestinal cells. No differences were observed between control and experimental groups in either intestinal region (Table 3) . However, an interesting pattern of proliferation was observed with a bell-shaped distribution along the small intestinal axis. Overall, the duodenum displayed the lowest number of proliferating cells per area compared with the jejunal sections and the proximal ileum (P < 0.001). There was no difference between the terminal ileum and the duodenum in the number of proliferating cells. (1) was defi ned with the aid of a horizontal line that proceeds approximately along the basement membrane underlying the apical enterocytes. The sides of the villus were divided in 4 lateral quarters (2 to 5). Each region was scored for complete presence (score 1), partial presence (score 2), and complete absence (score 3) of apical ZO-1 expression. Figure 3 . Mode of analysis of β-catenin expression in jejunal villi. Cryosections were stained for β-catenin (TexasRed) and nuclei [4,6-diamidino-2-phenylindole (DAPI), blue], detected by epifl uorescence microscopy and micrographs taken under identical exposure time with 400 × magnifi cation. A line of interest (LOI) was placed through individual enterocytes from apical to basolateral domain along the villus and fl uorescence intensities of β-catenin and nuclei were measured along the LOI and plotted in an XYgraph. The DAPI was used to identify the nucleic area and with this 3 distinct cell regions: apical cytoplasm, nucleic area, and basolateral cytoplasm. A ratio was calculated between β-catenin fl uorescence of nucleic and either cytoplasmatic area.
Spatial Distribution of ZO-1 in the Small Intestinal Villi
Animals were exposed to DON and LPS alone or combined either via feed or intravenous infusion (i.e., agents entered the animal either orally or systemically). Immunofl uorescence micrographs showed that ZO-1 distribution in the epithelial layer differed dependent on the intestinal site. The protein was located in the apical domain as well as in the cytosol in the upper 3 gut sections, duodenum, proximal and mid-jejunum, whereas ZO-1 was located only apical, not in the cytosol, in the 2 ileal compartments in the control group. The apical expression, as an indicator for ZO-1 bound in the TJ complex, was analyzed according to a fi xed scoring system, and structure of ZO-1 was severely damaged in the mid-jejunum (P < 0.001) of group CON-DON compared with animals treated with LPS (Fig. 4) . Presence of apical ZO-1 was otherwise unchanged in any other intestinal region or experimental group. Examining the cytosolic ZO-1 fraction qualitatively on the micrographs revealed a strong impact of LPS: in all animals receiving LPS systemically (CON-LPS, CON-DON+LPS, DON-LPS) the cytosolic ZO-1 fraction in the 3 upper gut sections (Fig. 5 ) disappeared completely, whereas no change was observed in the ileal ZO-1 localization (Fig.  6) . Furthermore, no impact of DON alone on spatial distribution of ZO-1 was detectable in the immunofl uorescence micrographs.
Cellular Spatial Distribution of β-Catenin
The expression of β-catenin as a zonula adherens protein was detected by immunofl uorescence staining (Fig.  7) in enterocytes of mid-jejunal villi in control (CON-CON) and acute DON exposed group (CON-DON) . Each enterocyte was divided in 3 regions, cytosolic regions, apical and basolateral from the nucleus, and a nucleic area. To gain an objective perspective, we calculated the ratio between the fl uorescence intensity of β-catenin of either cytosolic region and the nucleic area. Neither the ratio of the apical nor the basolateral region showed differences between both experimental groups. However, control animals had a greater basolateral β-catenin ratio (P < 0.05) compared with the apical ratio, whereas both ratios of CON-DON pigs did not differ (Fig. 8) . a-c Within a row, means without common superscripts differ (P < 0.001). 1 Treament, P = 0.23; intestinal region, P < 0.001; and treatment x intestinal region, P = 1.00.
2 CON-CON = control diet and infusion of physiological saline (n = 6). 3 CON-DON = control diet and infusion of 100 μg/kg BW deoxynivalenol (n = 6).
4 CON-LPS = control diet and infusion of 7.5 μg/kg BW E.coli lipopolysaccharide (LPS; n = 6).
5 CON-DON+LPS = control diet and infusion of 100 μg/kg BW deoxynivalenol and 7.5 μg/kg BW E.coli LPS (n = 7).
6 DON-CON = deoxynivalenol-contaminated diet and infusion of physiological saline (n = 6).
7 DON-LPS = deoxynivalenol-contaminated diet and infusion of 7.5 μg/kg BW E.coli LPS (n = 8).
Figure 4. Impact on zonula occludens protein-1 (ZO-1) in the apical domain of the small intestinal epithelium. Cryo-sections of 5 small intestinal sites were immuno-labeled for ZO-1 and presence of apical ZO-1 expression along the villus axis was analyzed by a score system. Each bar represents means ± SEM. Prox. = proximal, and Term. = terminal. Treatments: CON-CON = control diet and infusion of physiological saline (n = 6), CON-DON = control diet and infusion of 100 μg/kg BW deoxynivalenol (DON; n = 6), CON-LPS = control diet and infusion of 7.5 μg/kg BW Escherichia coli lipopolysaccharide (LPS; n = 6), CON-DON+LPS = control diet and infusion of 100 μg/kg BW DON and 7.5 μg/kg BW E.coli LPS (n = 7), DON-CON = DON-contaminated diet and infusion of physiological saline (n = 6), and DON-LPS = DON-contaminated diet and infusion of 7.5 μg/kg BW E.coli LPS (n = 8). a,b Bars without common superscripts are different from each other (P < 0.001).
DISCUSSION
The gastrointestinal tract constitutes a wide surface area of exposure to the outside environment. One important function of the gastrointestinal epithelium, besides digestion and absorption of nutrients, is to establish a barrier against the penetration of potentially harmful substances such as DON and LPS.
The mycotoxin deoxynivalenol, belonging to the family of type B trichothecenes, is widely found in grain and processed feed derived from cereal crops in temperate climates (Bullerman, 1996; Cavret and Lecoeur, 2006) . Pigs are the most susceptible species with respect to DON exposure, and the health and economic consequences can be severe in practice (Pestka, 2007; Döll and Dänicke, 2011) . A synergistic action of LPS and other trichothecenes was reported in mice (Tai and Pestka, 1988; Taylor et al., 1991; Zhou et al., 1999) and could, thus, be assumed also for DON and LPS in swine. At a cellular level, DON may inhibit protein synthesis and bind the peptidyltransferase at the 60S ribosomal subunit (Ueno, 1985; Ehrlich and Daigle, 1987) . Detrimental effects of DON on highly proliferative cells were also reported for porcine peripheral blood mononuclear cells (Goyarts et al., 2006b) , splenocytes (Tiemann et al., 2006) , endometrial cells (Tiemann et al., 2003) and intestinal epithelial cells (Diesing et al., 2011) .
For this reason, cell proliferation and crypt depth were analyzed on 5 different sites along the proximodistal axis of the small intestine in our study. For both variables, we did not observe any effect of treatment, neither of DON nor LPS, whereas a distinct distribution of these variables along the gut axis was apparent with the deepest crypts in the duodenum and a rather equally distributed crypt depth in the other more distal gut sections. Dänicke et al. (2012) also investigated the small intestinal architecture in pigs fed a DON-contaminated diet during the entire fattening period until slaughter at 112 kg BW, and observed an increase in crypt depth in the jejunum but not in the ileum and no impact on villous height. Other groups reported a decrease in jejunal villous height, but no effect on jejunal crypt depth and no effect on gut architecture at an ileal level in weaning piglets fed a DON-contaminated diet for 35 d (Bracarense et al., 2012) . The specifi c pattern of crypt depth distribution along the porcine small intestinal axis was reported for weaning piglets (Brown et al., 2006; Wu et al., 2010; Thu et al., 2011) , as well as fattening pigs (Rubio et al., 2010) . In the literature, a positive correlation between mitotic activity of intestinal epithelia and crypt depth is often described and considered to be a good index for cell proliferation (Pluske et al., 1996; Hedemann et al., 2003 Hedemann et al., , 2006 , but this relationship could not be verifi ed in the present experiment. In contrast, in the duodenum, we measured the deepest crypts, but the least number Figure 5 . Spatial distribution of zonula occludens protein-1 (ZO-1) in duodenal epithelium. Zonula occludens-1 is expressed at the apical domain as well as in the cytosol of the villus epithelium in the upper 3 small intestinal sections of control pigs and the duodenum is given exemplary for the upper sections. Administered alone, either intravenously or orally, deoxynivalenol (DON) did not change this distribution. However, lipopolysaccharide (LPS), administered alone or combined with DON changed the ZO-1 distribution drastically: only apically expressed ZO-1 was present in those samples. Cryosections of duodenum were stained for ZO-1 and subsequently detected by epifl uorescence microscopy. All micrographs were taken under identical exposure time with 100 × magnifi cation (scale bar = 100 μm). Micrographs are representative for each pig per experimental group. Treatments: CON-CON = control diet and infusion of physiological saline, CON-DON = control diet and infusion of 100 μg/kg BW of DON, CON-LPS = control diet and infusion of 7.5 μg/kg BW E.coli LPS, CON-DON+LPS = control diet and infusion of 100 μg/kg BW of DON and 7.5 μg/kg BW Escherichia coli LPS, DON-CON = DON-contaminated diet and infusion of physiological saline, and DON-LPS = DON-contaminated diet and infusion of 7.5 μg/kg BW E.coli LPS. a-c Within a row, means without common superscripts differ (P < 0.001). 1 Treament, P = 0.08; intestinal region, P < 0.001; and treatment × intestinal region, P = 0.82.
2 CON-CON = control diet and infusion of physiological saline (n = 6).
3 CON-DON = control diet and infusion of 100 μg/kg BW deoxynivalenol (n = 6).
5 CON-DON+LPS = control diet and infusion of 100 μg/kg BW deoxynivalenol and 7.5 μg/kg BW E.coli LPS (n = 7)
7 DON-LPS = deoxynivalenol-contaminated diet and infusion of 7.5 μg/kg BW E. coli LPS (n = 8) of proliferating cells, as compared with the more distal gut sections independent of treatment. Bracarense et al. (2012) observed a similar pattern of proliferating cells in jejunum and ileum of weaning piglets with more mitotic fi gures in the jejunal than the ileal epithelium. In contrast to the results of this experiment, a slight, but signifi cant, depressing effect of DON-feeding on epithelial mitosis in jejunum, but not in the ileum, was observed by Bracarense et al. (2012) .
In general, comparative data on crypt depth and proliferating epithelial cells along the gut axis of the pig are scarce. In research dealing with the weaning pig, histomorphometric evaluation of the small intestine is common place, but usually comparing control with treated pigs on 1 or 2 specifi c intestinal sites (Bauchart-Thevret et al., 2009; Oste et al., 2010) rather than on several intestinal sites. Furthermore, crypt depth and proliferation are widely analyzed as single variables rather than combined in 1 study. Our data indicated that it is indeed imperative to measure both crypt depth and proliferation in the same study rather than extrapolating from only 1 parameter as this could be misleading.
Lipopolysaccharides from gram-negative bacteria such as E.coli or Salmonella spp. may act as endotoxins, eliciting immune reactions and possible fever in affected animals, but the impact of these bacteria on epithelial morphology and proliferation is poorly understood.
However, Kraus et al. (2012) reported an impact of purifi ed LPS of Porphyromonas gingivalis on primary human oral epithelial cells, with decreased cell viability and increased proliferation after exposure to 2 μg/mL of LPS for 24 h. The lesser proliferation might be due to the detrimental effect on viability and, thus, merely expressing the attempt of the epithelial cell to counteract the damage on the cell layer. It is assumed that the combination of LPS and DON enhance detrimental effects of each substance. Besides a tendency for depressing proliferation in intestinal crypts, we did not observe any effect of LPS alone or in combination with DON on small intestinal morphology and epithelial renewal.
Intestinal barrier integrity is crucial for a proper function of the polarized epithelium. This depends on the forming of an apical and basolateral domain through the expression of the AJC, thus, enabling regulation of paracellular and transcellular transport of molecules. Such junctional proteins exhibit either transmembrane spanning domains or belong to the scaffolding type, connecting the transmembrane junctional proteins with the cell cytoskeleton. An example for the latter is ZO-1, a membrane associated component of the cytoplasmatic plaque of the TJ. As a scaffolding protein, it is essential for the spatial organization of transmembrane TJ proteins, such as claudins (Simons and Fuller, 1985; Rodriguez-Boulan et al., 1989; Itoh et al., 1999; Krause et al., 2008) and occludin (Schmidt et al., 2004) . Furthermore, it interacts homotypic or heterotypic with ZO-1, ZO-2, or ZO-3 (Wittchen et al., 1999) and also with actin fi laments as part of the cytoskeleton (Fanning et al., 1998) . The AJ protein β-catenin co-localizes with E-Cadherin Figure 6 . Spatial distribution of zonula occludens protein-1 (ZO-1) in terminal ileum epithelium. Zonula occludens-1 is expressed only at the apical domain of the villus epithelium at the proximal and terminal ileum irrespective of experimental group. Immunofl uorescence micrographs of the terminal ileum are given exemplary for both ileal sections. Cryosections were stained for ZO-1 and subsequently detected by epifl uorescence microscopy. All micrographs were taken under identical exposure time with 100 × magnifi cation (scale bar = 100 μm). Micrographs are representative for each pig per experimental group. Treatments: CON-CON = control diet and infusion of physiological saline, CON-DON = control diet and infusion of 100 μg/kg BW deoxynivalenol (DON), CON-LPS = control diet and infusion of 7.5 μg/kg BW E.coli lipopolysaccharide (LPS), CON-DON+LPS = control diet and infusion of 100 μg/kg BW DON and 7.5 μg/kg BW Escherichia coli LPS, DON-CON = DON-contaminated diet and infusion of physiological saline, and DON-LPS = DON-contaminated diet and infusion of 7.5 μg/kg BW E.coli LPS. Figure 7 . Example for expression of zonula adherens protein β-catenin in mid-jejunal villi. Cryo-sections of mid-jejunal intestinal wall were stained for β-catenin (TexasRed) and nuclei with 4,6-diamidino-2-phenylindole (blue) and subsequently detected by epifl uorescence microscopy. All micrographs were taken under identical exposure time with 400 × magnifi cation. Micrograph is representative for all analyzed samples. Treatments: CON-CON = control diet and infusion of physiological saline and CON-DON = control diet and infusion of 100 μg/kg BW deoxynivalenol.
as transmembrane counterpart (Näthke et al., 1994) and is located subapically to the TJ complex. Apart from the adhesive function, the cadherin-free form of β-catenin is an obligate co-activator of Wnt-mediated gene expression (Daugherty and Gottardi, 2007) and, thus, involved in the regulation of cell proliferation and differentiation (Gregorieff and Clevers, 2005) .
In view of the proposed effect of DON and LPS on barrier integrity and the importance of ZO-1 and β-catenin in the epithelial barrier formation, it was imperative to investigate the impact on those proteins. In the present study, apical structure of ZO-1 was severely damaged in the mid-jejunum of animals systemically exposed to DON compared with the control group, but unchanged in any other intestinal region or experimental group. These fi ndings are in accordance with the hypothesis that the route of application of a substance is important for its impact (Diesing et al., 2011) . In this in vitro study a porcine intestinal cell line (IPEC-J2) was resistant toward apical (i.e., luminal) DON application (2000 ng/mL after 72 h), whereas the basolateral (i.e., systemic) application of the same concentration resulted in a breakdown of intestinal barrier integrity and a reduction of ZO-1 protein expression. The authors suggested a re-absorption mechanism from the systemic side for the in vivo situation, with DON entering the blood stream and subsequently reaching the more distally located intestine from the basolateral side of the cell. This is supported by the fact that DON is rapidly absorbed in the proximal part of the small intestine, with a linear relationship between dietary DON and serum concentration (Dänicke et al., 2008) , but effects primarily reported for more distal intestinal regions such as the mid-jejunum (Dänicke et al., 2012) . Other studies with intestinal epithelial cell lines from porcine origin (IPEC-1) have also shown a decrease in TJ integrity, notably of claudin-3 and claudin-4, and, thus, an increase in paracellular permeability after DON application (Pinton et al., 2009 ). This modulation of the paracellular pathway by DON led to a time-and dose-dependent increase of bacterial translocation.
Apart from the discussed apical localization of ZO-1, a striking cytoplasmatic signal was observed in the 3 upper gut sections, whereas the 2 ileal sections lacked this cytosolic signal. This was shown for control animals and not altered by DON application alone. However, in the LPS treated groups, an altered spatial distribution of ZO-1 was observed; a strong apical ZO-1 signal was present, whereas the cytosolic localization of ZO-1 disappeared completely in the 3 upper gut sections. This effect was observed irrespective of DON presence. Thus, the spatial distribution of ZO-1 along the small intestinal axis in the control animals and the impact of LPS on this variable are in need of explanation. The fractional synthesis rate (FSR) of protein (% protein synthesized/d) in the intestinal epithelium was also investigated in the frame of this study and found to differ along the gut axis in control pigs: FSR amounted to 70% in duodenum and mid-jejunum, but to only 50% in the terminal ileum. Additionally, LPS treatment decreased FSR in the investigated small intestinal sections (K. Kullik, Institute of Animal Nutrition, Federal Research Institute for Animal Health, Braunschweig, Germany, personal communication). Given that ZO-1 protein transfer from the cytosol (Golgi) to the actual TJ complex occurs at a constant rate and ZO-1 synthesis corresponds to the other cellular proteins, we speculate that the changes in intestinal protein synthesis due to LPS treatment are also refl ected in the shift of cytoplasmatic ZO-1 signal.
In view of the impaired apical ZO-1 structure in mid-jejunum, we investigated the β-catenin expression in mid-jejunum after systemic DON application (CON-DON) compared with the control group (CON-CON) . Control animals showed a substantial accumulation of β-catenin in the cytosol basolateral of the nucleus, whereas the DON infused pigs displayed a homogenous cytoplasmatic distribution. One could hypothesize that this shift is related to a shift in intracellular traffi cking of the AJ protein, although to date, we do not have evidence for this.
To our knowledge this is the fi rst time that intestinal morphology, proliferation, and the distribution of AJC proteins were studied in a differentiated way in 5 distinct regions along the proximo-distal axis of the small intestine. We demonstrated that epithelial proliferation has a distinct pattern along the small intestine and is not necessarily positively linked to crypt depth in pigs. Results also indicated that ZO-1, an important scaffolding protein of the TJ complex, shows a different spatial distribution in the epithelium along the gut axis, with a strong Figure 8 . Distribution of zonula adherens protein β-catenin in midjejunal enterocytes. A ratio was calculated between the fl uorescence intensity of β-catenin either of apical or basolateral cytosolic region and the nucleic area. Columns represent apical (black) or basolateral (gray) fl uorescence ratio of treatment as means ± SEM. Treatments: CON-CON = control diet and infusion of physiological saline (n = 6) and CON-DON = control diet and infusion of 100 μg/kg BW deoxynivalenol (n = 6). a,b Bars without a common superscript differ signifi cantly (P < 0.05).
cytoplasmatic component in the duodenum and jejunum additionally to the actual apical TJ-bound structure. Lipopolysaccharide changed the spatial ZO-1 distribution in the epithelial cytoplasm, most likely related to a decreased protein synthesis rate. The actual TJ-bound ZO-1 protein was destroyed in the mid-jejunum only after systemic DON application. A synergistic effect of DON and LPS, as previously proposed, on intestinal architecture and barrier integrity could not be verifi ed in the present study. Further studies are necessary to explain the exceptional vulnerability of the mid-jejunum and to elucidate the mechanisms behind the impact of LPS and DON on the intestinal AJC.
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